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A b s t r a c t  
Loca l  t i m e  d isp lacement  i s  shown t o  be a t r u e  symmetry o f  Minkowskian phys i cs ,  
t he reby  demonst ra t ing  t h e  e m p i r i c a l  equ iva lence o f  d i f f e r e n t  cho ices  o f  t h e  
c l o c k  s y n c h r o n i z a t i o n  parameter i n  g e n e r a l i z e d  Lo ren tz  t rans fo rma t ions .  
L 
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I n t r o d u c t i o n  
. As summarized by S p a v i e r i  ( r e f .  l ) ,  a q u e s t i o n  o f  c u r r e n t  i n t e r e s t  i s  
whether one-way v e l o c i t y  o f  l i g h t  i s  a p h y s i c a l l y  mean ing fu l  concept beyond 
t h e  n o n r e l a t i v i s t i c  l i m i t .  The problem a r i s e s  because o f  t h e  f a i l u r e  o f  t h e  
M i  che l  son-Mor1 ey and Kennedy-Thorndi ke  i n t e r f e r e n c e  exper iments  t o  u n i q u e l y  
d e f i n e  t h e  c o o r d i n a t e  t r a n s f o r m a t i o n  between an i n e r t i a l  l a b o r a t o r y  and t h e  
i s o t r o p i c  u n i v e r s e  r e l a t i v e  t o  which t h e  l a b o r a t o r y  moves w i t h  v e l o c i t y  v. 
M o t i v a t e d  by t h i s  ques t i on ,  we w i l l  show t h e  more genera l  p r o p e r t y  t h a t  l o c a l  
t i m e  d isp lacement  i s  a t r u e  symmetry o f  n a t u r e  f o r  i n e r t i a l  systems i n  f l a t  
space-t ime, and the reby  demonstrate t h e  i m p o s s i b i l i t y  o f  u n i q u e l y  d e t e r m i n i n g  
one-way l i g h t  v e l o c i t i e s  f rom s p e c i a l  r e l a t i v i t y  (SR) c o n s i d e r a t i o n s .  
+ 
D i  scuss i  on 
Cons ider  an i n e r t i a l  l a b o r a t o r y  moving w i t h  speed t r e l a t i v e  t o  t h e  
i s o t r o p i c  u n i v e r s e  (denoted by zero  s u b s c r i p t s ) .  One o b t a i n s  a g e n e r a l i z e d  
L o r e n t z  t r a n s f o r m a t i o n  
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f rom t h e  i n v a r i a n t  i n t e r v a l  by l e t t i n g  
4 
5 - L ;  t = t o +  2 
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I n  terms o f  t h e  undeterm ned parameter 5 , one f i n d s  t h e  f o l l o w i n g  r e l a t i o n  
between t h e  one-way p a r t  c l e  v e l o c i t y  w(5)  and i t s  E i n s t e i n  c o u n t e r p a r t  
-b 
-b 
w ( O ) ,  bo th  r e f e r r e d  t o  t h e  l a b o r a t o r y  system: 
4 
W i t h i n  t h e  c o n t e x t  of SR, does n a t u r e  u l t i m a t e l y  s e l e c t  5 and e s t a b l i s h  a 
r e a l  
-b 
w ( S ) ,  o r  i s  t h e  cho ice  e n t i r e l y  a r b i t r a r y  w i th  no mean ing fu l  e f f e c t ?  
I m p l i c i t  i n  Eq. ( 1 )  i s  t h e  e s s e n t i a l  demand t h a t  l a b o r a t o r y  c l o c k s  be so 
synchron ized as t o  guarantee Eq. ( 3 )  whenever one-way v e l o c i t i e s  a r e  measured 
u s i n g  t h e s e  same c locks .  
by u s i n g  t h e  one-way 1 i g h t  speed u ( 8 )  = c[ 1 t (Ct-; 'e/c)] -' 
method o f  s y n c h r o n i z i n g  c l o c k s  w i t h  l i g h t  s i g n a l s .  Therefore,  a t  l e a s t  w i t h i n  
t h e  scope o f  k inemat i cs ,  w(5) i s  a meaning ess concept because we can make t h e  
r e l a t i v i s t i c  c o n t r i b u t i o n  ( f i n i t e  c )  a n y t h  ng we want by a r b i t r a r i l y  changing 
5 i n  t h e  e q u a t i o n  f o r  u (8) .  The argument t h a t  c l o c k s  can be synchron ized 
w i t h o u t  l i g h t  s i g n a l s  i s  i r r e l e v a n t .  Such methods a r e  n o t h i n g  more t h a n  
a l t e r n a t i v e  ways o f  imp lement ing  a p a r t i c u l a r  c h o i c e  o f  5 ;  t h e y  add no p h y s i c s  
t o  r e s t r i c t  what we c o u l d  have chosen. Examples i n c l u d e  t h e  imp lemen ta t i on  o f  
E i n s t e i n ' s  conven t ion  
( r e f .  2)  and by S p a v i e r i ' s  p rocedure  ( r e f .  1) based on moving rods kep t  i n  
c o n t a c t  w i t h  a r o t a t i n g  d i sk .  
p rocedure  f o r c e s  5 = 0 because o f  t h e  symmetry i n t r o d u c e d  by t h e  p u r e l y  
o p e r a t i o n a l  requ i rement  t h a t  t h e  r o d  v e l o c i t i e s  ( d i s k  r a d i u s  t imes  t h e  angu la r  
T h i s  arrangement i s  always p o s s i b l e  f o r  any 5 mere ly  
i n  E i n s t e i n ' s  
-b 
(5 = 0) by t h e  s low t r a n s p o r t  o f  a master  c l o c k  
C o n t r a r y  t o  h i s  i n t e r p r e t a t i o n ,  S p a v i e r i ' s  
o f  
se 
We 
o f  
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v e l o c i t y  deduced from t h e  t i c k s  o f  a s i n g l e  c l o c k )  be independent o f  t h e i r  
o r i e n t a t i o n s  r e l a t i v e  t o  t. I n  s h o r t ,  k i n e m a t i c s  p u t s  no l i m i t  on ou r  c o n t r o l  
t h e  c l o c k  s y n c h r o n i z a t i o n  parameter 5 .  
But  p h y s i c s  i s  more than  k inemat i cs ,  and no one has r u l e d  ou t  n a t u r e ’ s  
ssue addressed i n  t h i s  paper. 
c o n t a i n e d  i n  t h e  complete s e t  
e c t i o n  o f  5 by o t h e r  means. That i s  t h e  
b e g i n  by r e c o g n i z i n g  t h a t  a l l  o f  p h y s i c s  i s  
a c t i o n  i n t e g r a l s  
!J 4 S = J L(A’, a v A  , x’)d x, ( 4 )  
where L i s  t h e  Lagrang ian  s p a t i a l  f i e l d  d e n s i t y ,  
o r  f i e l d s  p e r t i n e n t  t o  t h e  system, and avAp 
i n f i n i t e s i m a l  t r a n s f o r m a t i o n  on x’ and A’ l eaves  S unchanged f o r  a l l  
p o s s i b l e  L, t h e n  p h y s i c s  i s  i n v a r i a n t  t o  t h a t  t rans fo rma t ion .  Such a 
t r a n s f o r m a t i o n  would i d e n t i f y  a t r u e  symmetry o f  na tu re ,  and a l l  cho ices  o f  
t h e  symmetry parameter would be e m p i r i c a l l y  e q u i v a l e n t .  Any p a r t i c u l a r  cho ice  
i s  t h e r e f o r e  s t r i c t l y  conven t iona l .  Our q u e s t i o n  i s  whether 5 i s  such a 
parameter. More g e n e r a l l y ,  s i n c e  Eq. ( 2 )  i s  o f  t h e  f o r m  
A’ i s  some space-t ime f i e l d  
aA’/axV. I f  a g i v e n  
t’ = t + f(+r) , 
we ask t h e  more genera l  q u e s t i o n s  as t o  whether phys i cs  i s  i n v a r i a n t  t o  l o c a l  
as w e l l  as g l o b a l  t i m e  d isp lacements .  
The most genera l  exp ress ion  f o r  t h e  change i n  S i s  
AS = J L ’ ( A t p ,  a v A ” ,  x ” )  d4x ’  - J L(A’, avA’, x’) d4x . 
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N o t a t i o n a l l y ,  we denote t h e  f u n c t i o n a l  v a r i a t i o n  a t  t h e  same argument va lues  
I 
0 as 
1 1  
6L = L ( e  ) - 1 ( e l ) .  (7) 
J 
Using  Eq. ( 7 )  and t h e  p r o p e r t y  ( r e f .  3 )  t h a t  
d 4 x ’  = [ 1t a (&xu)  ] d 4 x P 
which can be expanded as  
If L i s  t h e  Lagrang ian  d e n s i t y  f o r  a t o t a l  p h y s i c a l  system, t h e  E u l e r -  
Lagrange equa t ions  
a L  I a V [  - -  
a (a /  I 
aL  - 
a A~ 
7 
and t h e  energy-momentum conserva t i on  laws ( o b t a i n e d  from Noe the r ‘ s  theorem 
( r e f .  3 ) )  
must be s a t i s f i e d .  These c o n d i t i o n s  a r e  v a l i d  c o n s t r a i n t s  on t h e  t o t a l  
system, r e g a r d l e s s  o f  t h e  p a r t i c u l a r  v a r i a t i o n  used t o  d e r i v e  them and 
independent o f  any subsequent v a r i a t i o n  t o  be app l i ed .  
Eqs.  (11) and (12) i n t o  ( l o ) ,  and usi ’ng t h e  t o t a l  v a r i a t i o n  
I n c o r p o r a t i n g  
y i  e l  ds 
We nex t  c o n s i d e r  t h e  i n f i n i t e s i m a l  t r a n s f o r m a t i o n  ( l o c a l  t i m e  
d i  s p l  acement) 
+ +  2 which matches Eq. ( 5 )  f o r  f(?) = 5 v * r / c  , makes AA’ vanish,  and reduces 
Eq. (14)  t o  
a L  
J 
- a A’ a .f] d 4 x. 
a t  J 
A S  - 
a (a .A”) 
8 
Note t h a t  Eq. (15) a l s o  s t i p u l a t e s  t h a t  t h e  t o t a l  v a r i a t i o n  o f  any f i e l d  
van ishes  i d e n t i c a l l y .  T h i s  r e s t r i c t i o n  a p p l i e s  because we a r e  i n t e r e s t e d  o n l y  
i n  i n f i n i t e s i m a l  t i m e  t r a n s f o r m a t i o n s .  S ince  i t  i s  c e r t a i n l y  n o t  obv ious  t h a t  
A S  shou ld  van ish  f o r  a l l  p o s s i b l e  L, we look  a t  a few s p e c i f i c  Lagrang ian  
d e n s i t i e s  t o  see what happens and then  g e n e r a l i z e  from there .  
* 
.4 
A good f i r s t  example i s  an e l e c t r o m a g n e t i c  f i e l d  r e s i d i n g  i n  a source- 
f r e e  r e g i o n  so t h a t  
1 2  2 L = ?  (€E - u H  ) (17)  
i s  t h e  t o t a l  system Lagrangian. Equa t ions  (11) and (12) a r e  then  r e s p e c t i v e l y  
Maxwe l l ’ s  source  equa t ions  and P o y n t i n g ’ s  theorem. From t h e  f i e l d  equa t ions  
B( x) = v x q  x) 
I( x) = -V$( x) - a$( x) / a t ,  
and t h e  d i f f e r e n t i a l  o p e r a t o r  r e l a t i o n s  
a a 
a t  a t  
- - =  
v = v ’  + V f  7 a 
a t  
9 
we can use Eq. (15)  t o  w r i t e  
+ I  
aa 
a t  
I + I  I 
= V  xa (x  ) + v f  X - T  
which y i e l d s  t h e  f u n c t i o n a l  v a r i a t i o n s  
8 1  = V f  x a $ / a t  
I n  a s i m i l a r  f a s h i o n  one o b t a i n s  
We now i n s e r t  t h e s e  v a r i a t i o n s  i n t o  t h e  f u n c t i o n a l  v a r i a t i o n  o f  Eq. (17)  t o  
w r i t e  
6 L  = - € h t  - llk sk 
+ a A~ a a x k  + E t % )  = a L  - a  .f. = - Vf*(, 
a ( a  . A V >  a t  J 
J 
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Equat ion  (16) then  becomes 
AS(pure f i e l d )  = 0 
I n  a s i m i l a r  manner, t h e  Lagrang ian  d e n s i t y  
1 2 L = 7 [ (VY) 
g i v e s  t h e  Klein-Gordon equat 
t h e  f u n c t i o n a l  v a r i a t i o n  
( 2 5 )  
on f o r  a f r e e  p a r t  c l e  th rough  Eq. (11) and has 
1 2 ( a y  +(+)* m c  21 - L 
2 6~ = - [ (VY + v f a u , / a t )  - 7 at 
C 
f o r  t h e  i n f i n i t e s i m a l  t r a n s f o r m a t i o n  i n  Eq. (15) .  S u b s t i t u t i n g  t h i s  r e s u l t  
i n t o  Eq. (16) y i e l d s  
A S ( f r e e  p a r t i c l e )  = 0. ( 2 7 )  
As a f i n a l  example, we c o n s i d e r  t h e  charge ( 4 )  - e l e c t r o m a g n e t i c  f i e l d  
i n t e r a c t i o n  t e r m  qY y A Y i n  t h e  Lagrang ian  d e n s i t y  of quantum 
e lec t rodynamics ,  ( r e f .  4 )  where y' stands f o r  t h e  fou r  D i r a c  y -ma t r i ces .  
S ince  Y ,  Y , and Au 
f o r m u l a t i o n ,  t h e  i n t e r a c t i o n  t e r m  i s  e x a c t l y  t h e  same i n  
* u  
lJ 
* 
a r e  regarded as independent v a r i a b l e s  i n  t h e  Lagrang ian  
L ( x )  and L ' ( x )  
and so does n o t  c o n t r i b u t e  t o  t h e  f u n c t i o n a l  v a r i a t i o n  6L. The argument i s  
11 
s i m i l a r  t o  t h a t  used i n  t h e  d e r i v a t i o n  o f  S t  and 6 1  above, as d i scussed  
immed ia te l y  p r i o r  t o  Eq. (23). 
d e r i v a t i v e s  of I, Y , o r  Ap, i t  does n o t  c o n t r i b u t e  t o  t h e  second te rm i n  t h e  
i n t e g r a n d  o f  Eq. (16). Equat ions  (24)  and (27) can t h u s  be combined and 
Also, s i n c e  t h e  i n t e r a c t i o n  t e r m  c o n t a i n s  no 
* 
g e n e r a l i z e d  t o  read  
AS(charged p a r t i c l e  t f i e l d  t i n t e r a c t i o n )  = 0. 
Conc lus ion  
Equa t ion  (28) c l e a r l y  a s s e r t s  t h a t  p h y s i c s  i s  i n s e n s i t i v e  t o  t h e  l o c a l  
t i m e  d isp lacement  
Clock s y n c h r o n i z a t i o n  w i t h  
v e l o c i t i e s  beyond t h e  n o n r e l a t i v i s t i c  l i m i t  a r e  unavo idab ly  conven t iona l  and 
p h y s i c a l l y  meaningless. The v e l o c i t y  v o f  an i n e r t i a l  l a b o r a t o r y  r e l a t i v e  
t o  t h e  i s o t r o p i c  u n i v e r s e  cannot be measured f rom w i t h i n ,  except  as t h e  da ta  
s p e c i f i c a l l y  r e f e r  t o  i d e n t i f i a b l e  s ignpos ts  i n  t h e  u n i v e r s e  (e.g., t h e  2.7K 
cosmic background r a d i a t i o n  ( r e f .  5 ) ) .  Gravity, o f  course, nay be a d i f f e r e n t  
s t o r y .  The r o t a t i n g  E a r t h  i s  n o t  an i n e r t i a l  frame, and CG-"r/c2 would 
become a f u n c t i o n  o f  t i m e  as w e l l  as space. Exper iments i n  such l a b o r a t o r i e s  
m i g h t  w e l l  s e l e c t  5 and de termine v (and t h e y  m igh t  even c o n f i r m  o r  deny 
Mach's p r i n c i p l e ) ,  b u t  t h e y  would n o t  be i n t e r p r e t a b l e  w i t h o u t  e x p l i c i t  
c o n s i d e r a t i o n  o f  t h e  e f f e c t s  i n  a c c e l e r a t e d  systems. 
We have shown t h a t  l o c a l  t i m e  d isp lacement  i s  a symmetry o f  n a t u r e  i n  
i n e r t i a l  systems. The q u e s t i o n  as t o  whether o r  n o t  a n i s o t r o p i e s  i n  t h e  speed 
o f  l i g h t  a c t u a l l y  e x i s t  cannot be answered f o r  i n e r t i a l  r e f e r e n c e  frames. 
Ins tead ,  n o n - i n e r t i a l  frames must be used. 
t + t '  = t + f(;), a t  l e a s t  i n  i n e r t i a l  l a b o r a t o r i e s .  
f(;) = C;.;/c2 i s  an example; b o t h  i t  and one-way 
-b 
-b 
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SYMBOLS 
C 
h 
L 
mO 
4 
r 
+ 
+ 
V 
XU 
YP 
Y 
V 
e l e c t r o m a g n e t i c  v e c t o r  p o t e n t i a l  
a r b i t r a r y  f i e l d  o f  space-t ime system 
magnet ic  f i e l d  f l u x  d e n s i t y  ( t e s l a )  
round t r i p  v e l o c i t y  o f  l i g h t  (2.998 x lo8 meters/second) 
el e c t  r i  c f i e l  d ( v o l t s  /meter ) 
a r b i t r a r y  f u n c t i o n  o f  p o s i t i o n  
magnet ic  f i e l d  (amperes'/meter) 
P l a n c k ' s  cons tan t  (6.626 x Jou le -second)  
Lagrang ian  d e n s i t y  
particle rest mass (kilogram) 
e l e c t r i c  charge (Coulombs) 
p o s i t  i on v e c t o r  (meters ) 
a c t i o n  f u n c t i o n  
t i m e  (seconds) 
one-way 1 i g h t  speed (meters/second) 
v e l o c i t y  o f  i n e r t i a l  l a b o r a t o r y  w i t h  r e s p e c t  t o  i s o t r o p i c  
u n i v e r s e  (meters/second) 
one-way p a r t i c l e  v e l o c i t y  w i t h  r e s p e c t  t o  l a b o r a t o r y  r e f e r e n c e  
s y stem (met e r s / s e c o n d ) 
P component o f  space-t ime 4 - v e c t o r  
usua l  r e l a t i v i s t i c  f a c t o r  
D i r a c  Y m a t r i x  
g r a d i e n t  o p e r a t o r  (meters- ' )  
2 - 1/2 
V 
C 
y = (1 - 7) 
c 
13 
symbol f o r  f u n c t i o n a l  v a r i a t i o n  
e 1 ec t r i ca 1 pe rmi t t i v i ty  ( fa  r a ds /met e r ) 
magnet ic  p e r m e a b i l i t y  (hen rys lme te r )  
e l e c t r o s t a t i c  p o t e n t i  a1 ( v o l t s )  
wavefunct  i o n  (meters-’/*) 
c l o c k  s y n c h r o n i z a t i o n  parameter 
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